Objective: To investigate whether cortical superficial siderosis (cSS) on MRI, especially if disseminated (involving more than 3 sulci), increases the risk of future symptomatic lobar intracerebral hemorrhage (ICH) in cerebral amyloid angiopathy (CAA).
Sporadic cerebral amyloid angiopathy (CAA) is a highly prevalent, age-related small-vessel disease 1 caused by amyloid-b deposition in cortical and leptomeningeal vessel walls. 2 CAA is a major cause of lobar intracerebral hemorrhage (ICH), particularly in elderly patients. [2] [3] [4] [5] Spontaneous ICH is one of the most catastrophic forms of stroke, with a high risk of recurrence [6] [7] [8] ; CAA-related lobar ICH may carry a greater risk than deep ICH presumed to be due to hypertensive arteriopathy, 8, 9 but this is currently difficult to predict. Predisposing factors for lobar ICH and lobar ICH recurrence in CAA include APOE e4 and e2 alleles, 10 hemorrhagic neuroimaging markers of CAA such as lobar cerebral microbleeds (CMBs), 11 and anticoagulant or antiplatelet use. 12 Little is known about cortical superficial siderosis (cSS), a recently identified neuroimaging marker of CAA, 13 and the risk of subsequent ICH. cSS reflects linear blood residues in the superficial (subpial) layers of the cerebral cortex. 14 One likely mechanism leading to cSS is repeated episodes of hemorrhage into the subarachnoid space from brittle superficial cortical or leptomeningeal CAA-laden vessels, potentially heralding a high risk of future lobar ICH. A recent study showed that nearly 50% of CAA patients with cSS experienced intracranial hemorrhage over a period of 35 months, 15 but this study did not include patients without cSS as a control group.
We tested the hypothesis that in patients with CAA, cSS, especially involving multiple sulci (reflecting more widespread or active disease), is associated with an increased risk of future symptomatic lobar ICH in a European multicenter cohort study.
METHODS Study population and baseline data collection.
We included consecutive patients diagnosed with CAA (according to the original Boston criteria, 16 i.e., not including cSS as a criterion) at 4 stroke centers over defined time periods At participating centers, MRI scanning is a routine investigation for cases of suspected CAA, unless there are contraindications. Our inclusion criteria were 1) patients fulfilling the original Boston criteria for CAA, 16 2) available MRI sequences including T2*-weighted gradient-recalled echo (T2*-GRE) and fluid-attenuated inversion recovery (FLAIR) MRI, and 3) available follow-up information on symptomatic ICH, confirmed by neuroimaging. We included all patients with CAA, including survivors of spontaneous lobar ICH and those who, during investigation for other symptoms, were found to have strictly lobar CMBs (or asymptomatic lobar ICH). We excluded CAA patients without adequate MRI (n 5 26) or reliable follow-up data (n 5 37). Excluded subjects (n 5 63) did not differ significantly from those included in any baseline characteristics (all p . 0.05).
Clinical data at the time of presentation (age, sex, vascular risk factors including hypertension, use of antithrombotics, and previous symptomatic ICH) were obtained from prospective databases and by medical records review using standardized data collection forms. A clearly documented history of transient (#24 hours) focal neurologic episodes with no known alternative explanation other than CAA (e.g., structural brain lesion, atrial fibrillation, extracranial or intracranial stenosis) was ascertained by review of medical records.
Standard protocol approvals, registrations, and patient consents. The study received ethical approval by the National MRI acquisition and analysis. The MRI protocol was similar in each hospital. Imaging was at 1.5T field strength for all patients and included T1-weighted, T2-weighted, FLAIR, and axial T2*-GRE (slice thickness 5 mm, repetition time 500-1,000 milliseconds, echo time 15-70 milliseconds). Images were reviewed by a trained clinical research fellow blinded to clinical and followup data. The presence and distribution of CMBs were evaluated on T2*-GRE images using the Microbleed Anatomical Rating Scale. 17 Asymptomatic or symptomatic prior ICH (.5 mm in diameter on T2*-GRE MRI) was also noted. 18 cSS was defined as linear residues of chronic blood products in the superficial layers of the cerebral cortex showing a characteristic "gyriform" pattern of low signal on T2*-GRE images, without corresponding hyperintense signal on T1-weighted or FLAIR images (i.e., without acute subarachnoid hemorrhage). We did not include cSS contiguous with any ICH. The distribution of cSS was classified as focal (restricted to #3 sulci) or disseminated (.3 sulci). 13 White matter changes were evaluated using the 4-step simplified Fazekas rating scale (0-3: 0 5 no lesions; 1 5 focal lesions; 2 5 early confluent; 3 5 confluent). 19 Follow-up. Follow-up data were obtained from a systematic review of multiple overlapping sources including prospective databases, medical records review (including discharge summaries, follow-up outpatient and general practitioner letters), and radiologic databases, using standardized data collection forms. We collected information on clinically symptomatic ICH, defined as a symptomatic stroke syndrome associated with neuroimaging evidence of a corresponding ICH (.5 mm in diameter), 20 and death of any cause. Outcome events were assessed using all clinical, radiologic, and pathologic information available, blinded to the presence of cSS at baseline MRI. We determined whether the location of symptomatic ICH at follow-up corresponded to the anatomical distribution of cSS on baseline MRI. Table 1 Baseline characteristics of our cohort of patients with CAA Statistical analysis. We compared clinical and imaging characteristics of CAA patients with symptomatic lobar ICH during follow-up to patients without ICH, using x 2 tests and the Fisher exact test for categorical variables, and 2-sample t tests or MannWhitney U tests depending on the distribution of continuous variables. The reliability of rating for presence and category rating of cSS was assessed in a sample of MRI scans from patients with probable CAA (n 5 48) by calculating Cohen k and weighted k statistic, respectively. We also compared basic clinical and imaging characteristics of patients with vs without cSS. We determined the presence of cSS and disseminated cSS as univariate predictors of ICH risk using Kaplan-Meier plots with significance testing by the log-rank test. Survival time was calculated from date of baseline MRI scan until the date of symptomatic lobar ICH at follow-up or the last known date without the outcome event of interest. For individuals experiencing multiple lobar ICHs during follow-up, data were censored at time of first ICH. Data were also censored at the time of death from causes other than documented symptomatic ICH. Cox regression analysis was performed to calculate univariate hazard ratio (HR) as a measure of the effect size.
Characteristics
We estimated that our study would have a power of 88% to detect a difference in ICH risk between CAA patients with and without cSS, assuming 50% and 20% rates of ICH over 4 years, respectively 11, 12, 15 (2-tailed test and with a values of 0.05). According to the "rule of 10" for developing proportional hazards models, we require approximately 10 outcome events for each potential covariate in multivariable analyses. 21, 22 Therefore, we investigated the effect of the following prespecified potential predictors using a Cox proportional hazards model: presence of cSS or disseminated cSS, the presence of multiple CMBs ($2), prespecified on the basis of the hypothesized effect on ICH risk from previous published series in CAA, 11, 12 and age, which is an important potential confounder. As sensitivity analyses, we repeated all statistical tests in CAA patients with symptomatic lobar ICH at baseline, and those who had their MRI within 6 months of the index ICH. We also undertook exploratory multivariable models incorporating previous ICH as another potential confounding factor. The proportional hazard assumption was tested using graphical checks and Schoenfeld residualsbased tests.
A p value #0.05 was considered to be statistically significant. All analyses were performed using STATA (version 11.2; StataCorp, College Station, TX). This report was prepared with reference to the STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) guidelines. 23 
RESULTS
The final cohort consisted of 118 patients fulfilling the Boston diagnostic criteria 16 for CAA ( ICH during follow-up had cSS on baseline MRI: 3 had focal cSS and 11 had disseminated cSS (table 2). For 7 of these 14 patients, the subsequent ICH was anatomically correlated with the area of cSS (figure 1). Two of the 4 patients with multiple symptomatic lobar ICH at follow-up had disseminated cSS. One patient (without cSS at baseline) experienced a symptomatic deep (thalamic) ICH.
In the group of CAA patients without symptomatic lobar ICH at baseline (n 5 14; one patient with pathologically proven CAA, 12 patients with probable CAA, and one with possible CAA), 7 had cSS, which was disseminated in 5 cases. During a median follow-up time of 15.1 months (interquartile range 7.8-39.8), 3 of these patients experienced a symptomatic lobar ICH, all of whom had disseminated cSS at baseline scans.
In Kaplan-Meier analysis, the presence of cSS and disseminated cSS at baseline scans were predictors of time until ICH (p 5 0.0045 and p 5 0.0009, respectively, by the log-rank test) (figure 2). The risk of symptomatic lobar ICH at 4 years of follow-up was 25% (95% CI: 7.6%-28.3%) for patients without cSS at baseline, 28.9% (95% CI: 7.7%-76.7%) for those with focal cSS, and 74% (95% CI: 44.1%-95.7%) for patients with disseminated cSS (p 5 0.0031 by the long-rank test for each category increase).
In univariate analysis, any cSS presence was a predictor of symptomatic lobar ICH (HR: 3.18; 95% CI: 1.37-7.39; p 5 0.007), with an increased risk associated with disseminated cSS (HR: 4.07 compared with no siderosis; 95% CI: 1.66-9.96; p 5 0.002). Focal cSS was associated with a nonsignificant increased hazard of subsequent ICH (HR: 1.91 compared with no siderosis; 95% CI: 0.51-7.19; p 5 0.340). For each increase in category of cSS (i.e., from no siderosis, to focal, and to disseminated siderosis), the associated HR was 2.06 (95% CI: 1.31-3.24; p 5 0.002). A history of symptomatic hemorrhage (before the index symptomatic ICH) (HR: 1.87; p 5 0.177), presence of CMBs (HR: 2.17; p 5 0.125), and presence of $2 or $5 CMBs (HR: 1.55; p 5 0.318 and HR: 1.33; p 5 0.507, respectively) were not associated with future symptomatic lobar ICH in univariate analysis. Only age was associated with an increased hazard of subsequent ICH (HR: 1.07; p 5 0.006).
Prespecified multivariable Cox regression models demonstrated that cSS and disseminated cSS were independently associated with increased risk of symptomatic lobar ICH at follow-up, after adjusting for the presence of $2 CMBs and age (table 3). These effect sizes remained consistent in similar multivariable models controlling for CMBs number, CMBs presence, and $5 CMBs. Our main results were also consistent in sensitivity analyses including cSS, CMBs, history of symptomatic ICH, and age in multivariable models (see table e-2).
All the results of Kaplan-Meier and prespecified Cox regression analyses remained consistent in sensitivity analyses, which included only CAA patients with symptomatic lobar ICH at baseline (figure e-1) and patients who had their MRI within 6 months of the index ICH (data not shown). DISCUSSION In this multicenter retrospective cohort study, we found that cSS on T2*-GRE MRI (reflecting hemosiderin deposition in the subpial superficial cortical layers) significantly increases the risk of future symptomatic lobar ICH in patients with CAA. 16 The risk rate for ICH was greatest for patients with disseminated cSS, involving multiple sulci on baseline scans. These results remained consistent after adjusting for age, the presence of multiple ($2) lobar CMBs (a hemorrhagic marker of CAA previously shown to influence the risk of ICH), 12 and previous symptomatic ICH before the index inclusion event. In a subanalysis of those patients who presented with symptomatic ICH at baseline, cSS remained a predictor of ICH risk, consistent with the main analysis.
cSS is emerging as a common and characteristic feature of CAA. 2, 24 One study reported cSS in 60.5% (n 5 38; mean age 70 6 6.4 years) of patients with histopathologically proven CAA, compared with no control subjects with histopathologically proven non-CAA ICH (n 5 22; mean age 54 6 18 years). 13 Another recent study found cSS in 40% of patients with a clinic-radiologic diagnosis of probable CAArelated ICH, but only 5% of patients with purely deep ICH, presumed to be due to hypertensive arteriopathy. 25 Increasing data support the hypothesis that cSS might precede lobar ICH in patients with CAA. 15, [26] [27] [28] In a recent retrospective study, 51 patients with cSS and no apparent cause other than CAA were identified through a single-center systematic database search and followed up for a median of 35.3 months. 15 Over this period, 24 patients (47.1%) experienced any new "intracranial hemorrhage" (ICH or acute convexity subarachnoid hemorrhage): 18 patients (35.3%) had an ICH, of which 13 were at the site of preexisting siderosis. 15 This study was limited by the incomplete ascertainment of outcome intracranial bleeding events (without details of how many were symptomatic), and the lack of a comparison group without cSS at baseline.
Our larger study confirms that cSS is a risk factor for future symptomatic ICH in CAA, independent of multiple lobar CMBs. It is hypothesized that repeated episodes of hemorrhage from brittle superficial cortical or leptomeningeal CAA-affected vessels into the subarachnoid space leads to subpial hemosiderin deposition and cSS on MRI. 29 The finding of cSS without previous ICH, and its tendency to occur distantly from previous ICH, favor this "primary" mechanism, 13, 15 rather than leakage of blood into the subarachnoid space secondary to previous lobar "macro" ICH. 25 Consequently, cSS may be a marker of increased cortical and leptomeningeal small-vessel Figure 2 Time to symptomatic lobar ICH during follow-up
Kaplan-Meier estimates of progression to symptomatic lobar intracerebral hemorrhage (ICH) in the presence of (A) cortical superficial siderosis (cSS), (B) focal cSS, and (C) disseminated (.3 sulci) cSS in all patients with cerebral amyloid angiopathy. Testing of significance is by the log-rank test.
fragility, high CAA disease activity, and vulnerability to subarachnoid bleeding, which in some circumstances may extend and develop into a lobar ICH. 30 Indeed, a neuropathologic series of 6 autopsy cases of subcortical hematoma caused by CAA showed that multiple leptomeningeal arteries can rupture into the subarachnoid space and the brain parenchyma. 30 This hypothesis is supported by the observation that symptomatic ICH has been noted at (or close to) the site of previous siderosis, 15 although we found that ICH only occurred at the site of cSS in 50% of cases. We found the highest ICH risk in patients with disseminated cSS, which may indicate widespread and numerous leptomeningeal vessels damaged by advanced CAA, providing multiple potential initiation sites for future ICH, increasing the probability of this outcome. 30 Further serial MRI studies will help to unravel the sequence of events and mechanisms linking CAA, cSS, and lobar ICH, including asymptomatic bleeding. 31 Assessment of the associations between APOE genotype (which was not available in our cohort) and the extent or severity of CAArelated pathology in leptomeningeal vessels may also be of interest.
Although our results suggest an increased risk of subsequent ICH in CAA patients with cSS on MRI, antithrombotic drug use probably also has a role in this risk by impairing hemostatic mechanisms. 2, 9, 12 In our retrospective cohort, it was not possible to systematically collect data on the use of antithrombotic drugs. However, routine clinical practice in all 4 centers in our study was to avoid all antiplatelet agents (including aspirin) and anticoagulants in patients with suspected CAA, unless there was a very strong indication, so is unlikely to have contributed significantly to the outcome events in our study. 33 Thus, these types of attacks (which are often recurrent and stereotyped) should alert the clinician to the possibility of cSS; giving antithrombotic drugs to these patients because of misdiagnosis as TIA could significantly increase the risk of serious future ICH. 31 Moreover, our current data suggest that disseminated siderosis may be a particular risk factor for future ICH in this situation.
Perhaps surprisingly, we did not find a significant association between multiple lobar CMBs and future ICH risk, 11, 12 which may reflect selection bias toward generally advanced disease with high prevalence of multiple lobar CMBs in our cohort. Although our study had adequate power to detect an increase in the risk of ICH in the presence of cSS, our sample size was not large enough to investigate additional potential baseline predictors of ICH (e.g., index ICH volume, APOE genotype) or to investigate ICH risk in the subset of patients without lobar ICH at baseline. Other potential limitations include the retrospective design, and the potential of bias in our sample because the requirement for MRI may exclude more severe cases of ICH. Furthermore, a proportion of otherwise eligible patients did not have reliable follow-up data. Finally, we did not have pathologic confirmation of CAA pathology, and acknowledge that the Boston criteria have imperfect specificity, especially for the "possible CAA" category. 16, 35 Our findings nevertheless suggest that cSS is a useful independent prognostic marker of intracerebral bleeding risk in CAA. Larger cohorts are needed to confirm our results and explore the potential implications for CAA treatment (e.g., avoiding antithrombotic agents in patients with disseminated cSS). cSS could also have implications for future disease-modifying treatments in CAA that may cause amyloid-b shifts between brain parenchyma and blood vessels (e.g., immunotherapy); CMBs have been considered a possible caution for such treatments, 36 but the role of cSS in this setting remains to be determined. 
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